Abstract: Fibre Bragg grating (FBG) strain sensors are not only a very well-established research field, but they are also acquiring a bigger market share due to their sensitivity and low costs. In this paper we review FBG strain sensors with high focus on the underlying physical principles, the interrogation, and the read-out techniques. Particular emphasis is given to recent advances in highly-performing, single head FBG, a category FBG strain sensors belong to. Different sensing schemes are described, including FBG strain sensors based on mode splitting. Their operation principle and performance are reported and compared with the conventional architectures. In conclusion, some advanced applications and key sectors the global fibre-optic strain sensors market are envisaged, as well as the main market players acting in this field.
Introduction
The fibre optics communication industry has revolutionized the telecommunication industry through providing more reliable telecommunication links, higher performance, and constantly decreasing bandwidth cost. The technological progress of fibre optic communication has stimulated the development of the fibre optic sensors [1] . Fibre-optic sensors offer advantages over other existing sensing technologies such as increased sensitivity and form factor versatility [2] . The functional peculiarities of fibre optic sensors have been exploited to replace traditional sensors in a wide range of applications including strain, vibration, electric, acoustic and magnetic fields, acceleration, rotation, pressure, temperature, linear and angular position, humidity, viscosity, chemical measurements, and many others. Due to their dielectric property, fibre-optic sensors can be used in harsh environments such as high temperature, high voltage, or in the presence of corrosive materials; in addition, these sensors are compatible with communication systems and are able to perform remote sensing. A simplified architecture of fiber optic sensor is reported in Figure 1 . It consists of an optical source that excites the transducer (i.e., the sensitive optical element) through a fiber optic cable (FO). Due to a variation of the measurand, the transducer converts the initial signal of the optical source in another signal having different features. The modificed signal is detected from a detector and, then, processed by the actuation circuity. The actuation circuitry derives the informations about the measurand through a comparison between the initial signal, usually called reference signal, and the signal modified by the transducer.
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where ε is the engineering normal strain, l is the final length, and L is the initial one. The true shear strain is the change of the angle between two material line elements which are perpendicular into the unperturbed state, while the engineering shear strain is the tangent of that angle.
In the case of fibre-optics strain sensors, the strain applied to the fibre can be seen as the ratio between the total wavelength shift  and the initial wavelength . Due to the photo-elastic coefficient that links / with L/L through the relation / = 0.79 L/L [8] , for a conventional single mode fibre SMF28, we can write:
  = 0.79 (2) The main advantages of fibre-optic sensors include their ability to be lightweight, very small sized, passive, and immune to electromagnetic interference (EMI). Additionally, they require low power and they induce low attenuation as well as they are characterized by high sensitivity, wide bandwidth, and environmental ruggedness. Their main disadvantages are high cost and unfamiliarity to the end user [3] [4] [5] .
Optical sensors based on Fibre Bragg Gratings (FBGs) have acquired a large market share due to a number of advantages: small form factor, lightweight, no need for electrical connections, and the compatibility for non-invasive remote sensing. The FBGs peculiarities of showing high sensitivity, high resolution, and wide dynamic range, as well as their intrinsic immunity to radio frequency interference (RFI) and electromagnetic interference (EMI), and their capability of being interfaced with data communication systems, contributed to their widespread employing in many sensing applications.
Due to FBGs' high sensitivity to multiple environmental parameters, including physical, chemical, biomedical, and electrical parameters, they are used for structural health monitoring in civil infrastructures, aerospace, energy, and maritime areas, where the information associated to measurands are usually encoded by the Bragg wavelength shift of FBGs.
In this paper, a general review of the FBG strain sensors, interrogation techniques, performance, and their application fields are presented. The investigation begins with the analysis of the measurand (i.e., strain). Strain is a normalized measure of the deformation, which represents the displacement between particles in the matter with respect to a reference length.
The strain is related to the motions of a rigid body, such as translations and rotations, and variation of the shape/size of the matter [6] .
From a physical point of view, the strain is described through a tensor quantity, which can be decomposed into a normal and shear component. The normal component takes into account the stretch or compression along the material line elements or fibres, while the shear component is related to the sliding of layers composing the body over each other. If the length of body increases, the normal strain is called tensile strain, if it reduces, the strain is called compressive strain [7] .
The engineering strain (or engineering extensional strain or nominal strain) is expressed as the ratio between the total deformation and the initial state. The strain is tensile if the total deformation is positive, while it is compressive if the total deformation is negative. The strain unit is a dimensionless value and it is given by:
In the case of fibre-optics strain sensors, the strain applied to the fibre can be seen as the ratio between the total wavelength shift ∆λ and the initial wavelength λ. Due to the photo-elastic coefficient that links ∆λ/λ with ∆L/L through the relation ∆λ/λ = 0.79 ∆L/L [8] , for a conventional single mode fibre SMF28, we can write: ∆λ
It is important to clarify that the cause of the strain is the stress. Differently from the strain, the stress expresses the internal forces that particles exert on each other in a continuous material, while the strain is the consequence of these forces. If the stress exceeds a certain strength limit of the material, it will be permanently deformed or it will change its crystal structure and chemical composition, otherwise the stress is reversible. The stress is defined as the average force per unit area that some particle of the object applies on the adjacent one, across an imaginary surface that separates them. Such as for the strain, the stress can be classified as normal stress whether related to compression and tension, and shear stress whether related to stress parallel to the surface. The stress unit is that of pressure.
After briefly covering the concepts of strain and stress, the main categories of fibre optics strain sensors are presented in the following section, where the FBGs are emphasised for their fundamental role as single-point sensors in which the sensing head is obtained through a periodic modulation of the refractive index.
Optical Fibre Devices for Strain Sensing
Fibre optic strain sensors can be classified into three categories: single-point sensors [9] , quasi-distributed (multiplexed), and distributed sensors (see Figure 2 ) [10] . Single-point sensors are small, durable, and highly accurate sensor units, usually attached to a high-bandwidth fibre-optic cable. These single-point sensors can be multiplexed and placed at strategic locations along the fibre to construct a quasi-distributed measurement. Distributed sensing uses the fibre-optical cable to monitor strain across the entire length of the structure under investigation [11] [12] [13] [14] [15] .
the strain is the consequence of these forces. If the stress exceeds a certain strength limit of the material, it will be permanently deformed or it will change its crystal structure and chemical composition, otherwise the stress is reversible. The stress is defined as the average force per unit area that some particle of the object applies on the adjacent one, across an imaginary surface that separates them. Such as for the strain, the stress can be classified as normal stress whether related to compression and tension, and shear stress whether related to stress parallel to the surface. The stress unit is that of pressure.
The FBG strain sensors belong to the category of single-point sensors and preserve the features of small size, durability, and high accuracy. For completeness, other geometries of single-point sensors are reported in Figure 3 . The Bragg gratings can be realized using micro-fabrication methods creating refractive index modulation along the beam propagation direction. Besides the FBGs based on refractive index modulation, they can be also realized using hetero-core fibre structures, taper structures, cladding removal, micro-bending structure, and macro-bending structure. The FBG strain sensors belong to the category of single-point sensors and preserve the features of small size, durability, and high accuracy. For completeness, other geometries of single-point sensors are reported in Figure 3 . The Bragg gratings can be realized using micro-fabrication methods creating refractive index modulation along the beam propagation direction. Besides the FBGs based on refractive index modulation, they can be also realized using hetero-core fibre structures, taper structures, cladding removal, micro-bending structure, and macro-bending structure. 
Key FBG Performance Factors of the Fibre-Optic Sensors
The key performance factors of the FBG strain sensors are generally the same as the fibre-optic sensors. They include the sensitivity, representing the relationship between the variation of the sensor output and the corresponding variation in measurand. In an optoelectronic sensor, the sensitivity is usually defined as the variation of optical power at the receiver, produced by a unit variation of the measured magnitude. A good sensor must have a high sensitivity, i.e., small variations in the magnitude to be measured must correspond to large variations in the output. If the sensor output varies linearly with the magnitude to be measured, then the sensitivity of the sensor can be defined as a "scale factor". An additional key performance factor is the resolution. It expresses the capability of the sensor to detect small variations in the measurand. It is defined as "the variation in the value of the measurand that causes a variation in the output value equal to the uncertainty of the output itself". Resolution can be expressed in absolute value, or relative or reduced value. Spatial resolution can be described as the smallest length within which a significant change in the measured magnitude can be detected. Referring to the uncertainty of the output corresponds to considering the slightest variation without any randomness from a given operative point. Often the resolution is indicated with the term "dead band", and sometimes, it is also incorrectly indicated as sensitivity. A particular case occurs when the sensor operates with a measurand that is in the proximity of zero: in this case, the term "threshold" is preferred to the one resolution and it assumes the meaning of "the minimum value of the measurand which results in a significantly different output with respect to the one obtained when the measured value is null". In terms of measurements, two key factors are taken into account to characterize a FBG sensor, i.e., the accuracy of the measurement and its bandwidth. The first is the accuracy with which the output power can be measured at the receiver in spite of system noise levels (%). The latter is the bandwidth for which the variations of the examined magnitude can be detected. Besides the measurement bandwidth, other figures of merit of FBGs are the system bandwidth, i.e., the bandwidth that the receiver must have to analyse the system, as well as the sensor stability and dynamic range. The stability is the ability of the sensor to keep its operating characteristics unaltered for a relatively long period of time (e.g., months or years). It is expressed as the maximum variation that can occur in the output, in absolute, relative or reduced value, with same measurand, and operating conditions within a given time interval. Sometimes the term "drift" (offset or shift) is used, with a similar meaning. The dynamic range is the ratio between the maximum and minimum value of the magnitude that can be measured with the required accuracy (dB).
The FBG strain sensors are also classified according to their attenuation spectrum, dispersion spectrum, type of modal propagation, geometric and physical properties of the guiding structure, and to the properties of the mantle. The attenuation spectrum represents the attenuation on the basis of the wavelength in the operation point, while the dispersion spectrum represents the refractive index on the basis of the wavelength in the operation point. The type of modal propagation within the guiding 
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The geometric and physical properties of the guiding structure (optical fibre or waveguide) depend on the materials used, the core and cladding dimensions, the index refraction profile (step index or graded index), the index contrast between core and cladding and the cutting wavelength for operating in unimodal or multimodal regime. The mantle's properties are represented by the type of mantle (primary or secondary in the case of the optical fibre), breaking resistance, maximum working temperature, and radiation resistance in highly radioactive environments.
Physics of Fibre Bragg Grating
A fibre Bragg grating is an optical device obtained through introducing a modulation of the refractive index of the fibre core. The manufacturing process of FBG (generally called inscription or "writing") could be realized with interferometric method, direct point-by-point method, and continuous core-scanning method [9, 16, 17] . The interferometric technique relies on exposing a photo-sensible region of the fibre to an interferometric fringe pattern in order to obtain the whole grating. The pattern is realised through illuminating a proper mask that defines the FBG period. The same results could be obtained with mask-less techniques. Like in the direct point-by-point method, this method is based on the nonlinear absorption of a laser pulse; with this technique, each grating element could be obtained by controlling the laser parameter and the movement of the fibre placed on a translational stage. Similarly, in the continuous core-scanning technique the inscription is realized by controlling only the movement parameters of the translational frame at which the fibre is anchored. There are different kinds of index modulations; for a simple FBG, as in Figure 4 , the perturbation is periodic, equally spaced and the modulation strength is only positive. Then, the refractive index along the grating varies as a raised square wave with a duty cycle of half period as shown in the following equation:
where n c0 is the refractive index of the unperturbed core, ∆n represents the modulation strength, and Λ is the grating period.
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where nc0 is the refractive index of the unperturbed core, n represents the modulation strength, and  is the grating period. The light propagating in forward direction through the core of an optical fibre is reflected due to the discontinuity at the layer interfaces, while the remaining part passes over. This way, the is divided in two components that travel in opposites directions. This phenomenon causes the coupling of the incident wave with the counter-propagating one [18] . At particular wavelengths defined by the grating parameters, the Bragg condition is satisfied; in this case, the contributions of the light reflected at each interface interfere constructively. The resulting backward-propagating spectrum presents a peak centred at the Bragg wavelength while the transmission spectral response presents a notch filter like transfer function. For these reasons is widely used for filtering The light propagating in forward direction through the core of an optical fibre is reflected due to the discontinuity at the layer interfaces, while the remaining part passes over. This way, the beam is divided in two components that travel in opposites directions. This phenomenon causes the coupling of the incident wave with the counter-propagating one [18] . At particular wavelengths defined by the grating parameters, the Bragg condition is satisfied; in this case, the contributions of the light reflected at each interface interfere constructively. The resulting backward-propagating spectrum presents a peak centred at the Bragg wavelength while the transmission spectral response presents a notch filter like transfer function. For these reasons is widely used for filtering application or as reflector in communication systems. The light components far from the Bragg wavelength, instead, will pass almost unperturbed. The Bragg wavelength, λ B is defined by the following the formula:
where n eff is the effective refractive index and Λ the grating pitch. The reflectivity and transmittivity spectrum could be accurately calculated by using the coupled-mode theory [19] . For a simple FBG, the transfer functions depend on the AC coupling coefficient κ, the DC self-coupling coefficient σ and the length of the grating L defined as follow:
where δn e f f is the DC index change spatially averaged over a grating period, ν is the order of the FBG (unitary for a uniform FBG), and N number of periods. Then, the reflected amplitude and power are given by Equations (8) and (9), respectively:
The bandwidth or full width half maximum (FWHM) is given by:
where S [20] is a parameter of the grating that is approximately equal to 1 for high reflectivity grating and 0.5 for weak reflectivity gratings. In Figure 5 , the reflectivity is plotted with respect to the wavelength for two different values of kL (i.e., 2 and 8) of a uniform FBG. Assuming n eff = 1.457 and L = 1 cm, the bandwidth of the transfer function increases for larger values of the product kL, while the drawback is that the side lobe suppression ratio (SLSR) decreases. The length L (and the number of periods of length Λ composing the FBG) also affects the bandwidth. Similar results could be obtained increasing δn e f f . On the basis of the above considerations, by varying the structural parameters of the grating, such as reflectivity or Bragg wavelength, it is possible to shape the transfer function with high degrees of freedom.
To achieve particular goals, other profiles could be considered. In particular, apodized profile and chirped and phase-shifted profiles are widely used due to their peculiar spectral responses.
The apodization consists in a non-uniform strength of the index modulation along the grating as in the cases of the raised-cosine and the Gaussian profiles. To achieve particular goals, other profiles could be considered. In particular, apodized profile and chirped and phase-shifted profiles are widely used due to their peculiar spectral responses.
The apodization consists in a non-uniform strength of the index modulation along the grating as in the cases of the raised-cosine and the Gaussian profiles.
The grating exhibits a lower index modulation strength towards the edges than in the central region; this causes a lower reflection of the wavelengths at the edge of the spectrum than in the uniform case. This way, it is possible to improve the SLRS [21] of the spectrum, as illustrated in the inset of Figure 6 . A chirped FBG can be used to increase the bandwidth of the grating as its transfer function presents a region of high reflectivity expanded to a wider range of wavelengths. This can be achieved through modulating the pitch of the grating or through varying the effective refractive index along the direction of propagation (as in Figure 7 ). The grating exhibits a lower index modulation strength towards the edges than in the central region; this causes a lower reflection of the wavelengths at the edge of the spectrum than in the uniform case. This way, it is possible to improve the SLRS [21] of the spectrum, as illustrated in the inset of Figure 6 . To achieve particular goals, other profiles could be considered. In particular, apodized profile and chirped and phase-shifted profiles are widely used due to their peculiar spectral responses.
The grating exhibits a lower index modulation strength towards the edges than in the central region; this causes a lower reflection of the wavelengths at the edge of the spectrum than in the uniform case. This way, it is possible to improve the SLRS [21] of the spectrum, as illustrated in the inset of Figure 6 . A chirped FBG can be used to increase the bandwidth of the grating as its transfer function presents a region of high reflectivity expanded to a wider range of wavelengths. This can be achieved through modulating the pitch of the grating or through varying the effective refractive index along the direction of propagation (as in Figure 7 ). A chirped FBG can be used to increase the bandwidth of the grating as its transfer function presents a region of high reflectivity expanded to a wider range of wavelengths. This can be achieved through modulating the pitch of the grating or through varying the effective refractive index along the direction of propagation (as in Figure 7 ). The non-uniform pitch can be considered as a series of several FBGs with slightly different central wavelengths; thus, the total transfer function is modified because of the several wavelengths able to satisfy multiple Bragg conditions [22] . In this case, it is possible to redefine the Bragg wavelength as a function of the axial (z) position, according to the following equation:
where both the effective index and the grating pitch are functions of the axial position. For a linearly chirped grating, the grating pitch can be expressed as:
in which α represents the linear proportional coefficient. In a -phase shifted FBG (phase shifted FBG PSFBGs), a further -phase-shift is introduced at the centre of a periodic grating [23] . This configuration consists in two separate FBGs forming a Fabry-Perot (FP), where only a resonance state is allowed; the result of adding a -phase-shift in the middle of the grating leads to an extremely narrow notch in the reflection spectrum whose position is usually coincident with the Bragg wavelength, as reported in Figure 8 . It can also be realized with a detuning phase that differs of  [24] . This way, it is possible to move the notch frequency from the middle of the spectrum. The non-uniform pitch can be considered as a series of several FBGs with slightly different central wavelengths; thus, the total transfer function is modified because of the several wavelengths able to satisfy multiple Bragg conditions [22] . In this case, it is possible to redefine the Bragg wavelength as a function of the axial (z) position, according to the following equation:
in which α represents the linear proportional coefficient.
In a π-phase shifted FBG (phase shifted FBG PSFBGs), a further π-phase-shift is introduced at the centre of a periodic grating [23] . This configuration consists in two separate FBGs forming a Fabry-Perot (FP), where only a resonance state is allowed; the result of adding a π-phase-shift in the middle of the grating leads to an extremely narrow notch in the reflection spectrum whose position is usually coincident with the Bragg wavelength, as reported in Figure 8 . It can also be realized with a detuning phase that differs of π [24] . This way, it is possible to move the notch frequency from the middle of the spectrum. The non-uniform pitch can be considered as a series of several FBGs with slightly different central wavelengths; thus, the total transfer function is modified because of the several wavelengths able to satisfy multiple Bragg conditions [22] . In this case, it is possible to redefine the Bragg wavelength as a function of the axial (z) position, according to the following equation:
in which α represents the linear proportional coefficient. In a -phase shifted FBG (phase shifted FBG PSFBGs), a further -phase-shift is introduced at the centre of a periodic grating [23] . This configuration consists in two separate FBGs forming a Fabry-Perot (FP), where only a resonance state is allowed; the result of adding a -phase-shift in the middle of the grating leads to an extremely narrow notch in the reflection spectrum whose position is usually coincident with the Bragg wavelength, as reported in Figure 8 . It can also be realized with a detuning phase that differs of  [24] . This way, it is possible to move the notch frequency from the middle of the spectrum. 
Operation Principle of Strain Sensors Based on Fibre Bragg Grating
According to the previous considerations, the grating properties can be engineered for different applications. The FBGs can be adapted as sensing elements to measure temperature, pressure, strain, vibration, inclination, load, and displacement. A variation in the environmental parameters, for instance, temperature and strain, influence both the pitch and the refractive index of the grating layers perturbing the spectral properties of the FBG, as in Figure 9 . Such perturbation in the spectrum is commonly utilized for sensing applications.
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The first term in the above equation contains information about the applied deformation. The shift of the Bragg wavelength due to the strain term l is: 
In which pij is the Pockel's coefficient of the stress-optic tensor and ν the Poisson's ratio. The applied strain  can be derived through measuring the λB shift (i.e., ) according to the relation [25] :
where pe is the elasto-optic coefficient that links / with L/L through the relation / = 0.79 L/L [8] .
The second term in the Equation (13) includes the temperature dependence of the Bragg wavelength: By differentiating Equation (4), we can evaluate the shift of the Bragg wavelength due to a uniformly applied strain and temperature changes with the following expression:
The first term in the above equation contains information about the applied deformation. The shift of the Bragg wavelength due to the strain term l is:∆
where
∂l is the variation of the effective refractive index induced by the strain and ∂Λ ∂l is the change of pitch. The shift of the Bragg wavelength could be also written as a function of the strain knowing the material properties of the grating as in the following expression:
In which p ij is the Pockel's coefficient of the stress-optic tensor and ν the Poisson's ratio. The applied strain ε can be derived through measuring the λ B shift (i.e., ∆λ) according to the relation [25] :
where p e is the elasto-optic coefficient that links ∆λ/λ with ∆L/L through the relation ∆λ/λ = 0.79 ∆L/L [8] . The second term in the Equation (13) includes the temperature dependence of the Bragg wavelength:
∂T represents the thermo-optic coefficient whose contribution is larger than the one of the term ∂Λ ∂T related to the thermal expansion. As previously stated, both changes in effective index and grating pitch, caused by an external perturbation, contribute to the wavelength shift, but their sensitivities to strain or temperature are significantly different. Typical value for strain or temperature induced Bragg wavelength shift is approximately of 1.2 pm/µε and 13.7 pm/ • C, respectively. These values underline the necessity of temperature compensation in strain sensing applications as well as the possibility to develop proper readout techniques for simultaneous measurement of strain and temperature.
Operation Principle of Splitting Mode Strain Sensors Based on Bragg Grating Ring Resonators
In References [26] [27] [28] [29] [30] , FBG gratings are inserted into ring resonators made of optical fibre connected one end to other to create resonant FBGs strain sensors. These resonant sensor systems are mainly built using FBGs with complex scattering sources (SCs) which couple two counter-propagating modes (traveling wave (TW)) in a ring resonator. This mode coupling generates a spectral response characterized by two asymmetric resonance lines (called "mode splitting" in the scientific literature and used for many applications, besides the strain sensing [31] [32] [33] [34] [35] [36] [37] [38] .
Each resonance line is created by the combination of two counter-propagating modes. These particular configurations are called fibre Bragg grating ring resonators (FBGRRs) (see Figure 10b) . The mode-splitting spectral feature of FBGRRs allows one to measure the strain with a far greater accuracy, making these sensors particularly suited for the structural health-monitoring in civil infrastructures, aerospace, energy, and maritime operations fields. The main advantages of FBGRRs, with respect to the conventional FBG sensors, are represented by a cavity enhanced resolution, which leads to an improved sensing resolution [30] , insensitivity to environmental perturbations [26] and lower production costs because, differently from conventional FBG sensors, the sensing scheme is self-referenced and there is no need of a reference signal to perform accurate measurements [26] [27] [28] [29] [30] . The following illustrations in Figure 11 shows different architectures based on the mode-splitting operating principle [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . This technology retains all of the advantages of the fibre-optics, such as compactness, immunity to radio-and electromagnetic interference (RFI, EMI), rapid response for real time monitoring, and ability to be embedded in composite materials in complex structures. Furthermore, the FBGRR based strain sensors can be used in the sensing applications requiring ultra-high resolutions (e.g., seismic monitoring etc.) and insensitivity to the environmental perturbation (e.g., harsh environments typical of industrial or aerospace scenarios).
In Figure 10 , two FBG sensor systems are shown: on the left, a conventional FBG static strain sensor based on conventional optics principles (Figure 10a) , and on the right, the sensor system consisting of a FBG inserted into a ring resonator made by an optic fibre wrapped on itself into a feedback loop based on mode-splitting principle explained previously (Figure 10b) . In a conventional FBG sensor, the strain (ε) corresponds to a change of the FBG length (L, equivalent to ε = ∆L/L), and (Figure 10a) , the information about the measurand is usually encoded by the Bragg wavelength shift of the FBG. In the case of FBGRR, the information about measurand is encoded by the mode splitting of two "entangled" coupled resonant modes, that are visible as a splitting doublet in the spectral response (see Figure 10b) where the mode splitting is approximately described through two adjacent lines with different colours).
The following illustrations in Figure 11 shows different architectures based on the mode-splitting operating principle [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The following illustrations in Figure 11 shows different architectures based on the mode-splitting operating principle [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The insertion of a π-shifted fibre Bragg grating into a ring resonator (Figure 11b ) has been proven to enhance sensing performance [29] for different kinds of environmental parameters/measurands.
With the same architecture sketched in Figure 11b , excluding the experimental record over the static strain sensor resolutions reported in [30] , enhanced spectral features of a π-shifted fibre Bragg grating in closed loop have been demonstrated in [36] . In the latter, a performance improvement over a conventional π-shifted fibre Bragg grating has been experimentally proved, also demonstrating that a reduction in sensor's architecture complexity and manufacturing costs is possible as well.
Being based on mode-splitting principles and the hybridization of technologies already available in the market, Fibre Bragg Grating Ring Resonators represents a new generation of robust, better performing, and cost-effective optical sensors that can be applied to the all the main sectors of strain sensing technologies existing on the market (see Section 9).
FBG Strain Sensors Interrogation Techniques
The interrogation techniques allow one to extract the information about the measurand, encoded in the spectrum produced by the FBG sensors. The spectral change, with reference to the unperturbed condition, is principally associated with a Bragg wavelength shift or with a change in the optical exciting power or in the FWHM. A basic set up that can be used to detect these variations is illustrated in Figure 12 , where a broadband optical source is connected to a circulator to feed the FBG. Then, the reflected beam is redirected to a conventional optical spectrum analyser (OSA) connected to the circulator.
have been respectively sketched); or by modulating the SC's lengths through the manipulation of the FBG and FBG lengths (Figure 11c,d , representing the extended versions of FBGRR and -FBGRR, respectively) in order to exploit other physical effects.
The insertion of a -shifted fibre Bragg grating into a ring resonator (Figure 11b ) has been proven to enhance sensing performance [29] for different kinds of environmental parameters/measurands.
With the same architecture sketched in Figure 11b , excluding the experimental record over the static strain sensor resolutions reported in [30] , enhanced spectral features of a -shifted fibre Bragg grating in closed loop have been demonstrated in [36] . In the latter, a performance improvement over a conventional -shifted fibre Bragg grating has been experimentally proved, also demonstrating that a reduction in sensor's architecture complexity and manufacturing costs is possible as well.
The interrogation techniques allow one to extract the information about the measurand, encoded in the spectrum produced by the FBG sensors. The spectral change, with reference to the unperturbed condition, is principally associated with a Bragg wavelength shift or with a change in the optical exciting power or in the FWHM. A basic set up that can be used to detect these variations is illustrated in Figure 12 , where a broadband optical source is connected to a circulator to feed the FBG. Then, the reflected beam is redirected to a conventional optical spectrum analyser (OSA) connected to the circulator. Unfortunately, commercial OSAs are costly and slow and, thus, not suitable for dynamic measurements; furthermore they have a typical resolution in the range of tens of picometers while the sensitivity of the FBG strain sensors is of the order of some picometers for one microstrain; thus, to improve the resolution, particular algorithms have to be used [40] [41] [42] .
For this reason, several demodulation techniques have been conceived and implemented to improve FBG interrogation technique, achieving highest resolutions in terms of spectral detection. According to Reference [9] , we can classify the interrogation techniques of FBG sensors into five categories, depending on the main principle adopted in the detecting scheme, as depicted in Figure 13 . Unfortunately, commercial OSAs are costly and slow and, thus, not suitable for dynamic measurements; furthermore they have a typical resolution in the range of tens of picometers while the sensitivity of the FBG strain sensors is of the order of some picometers for one microstrain; thus, to improve the resolution, particular algorithms have to be used [40] [41] [42] .
For this reason, several demodulation techniques have been conceived and implemented to improve FBG interrogation technique, achieving highest resolutions in terms of spectral detection. According to Reference [9] , we can classify the interrogation techniques of FBG sensors into five categories, depending on the main principle adopted in the detecting scheme, as depicted in Figure 13 . The most common interrogation techniques are the filtering and interferometric approaches, in which the read-out of the FBG sensor is done by converting the wavelength shift into a change to an electrical signal. In the following, the review will focus on the implementations of filtering and interferometric techniques. In such settings, the OSA is replaced with a photo-diode receiving the optical signal from the reflected spectrum of the FBG. The most common interrogation techniques are the filtering and interferometric approaches, in which the read-out of the FBG sensor is done by converting the wavelength shift into a change to an electrical signal. In the following, the review will focus on the implementations of filtering and interferometric techniques. In such settings, the OSA is replaced with a photo-diode receiving the optical signal from the reflected spectrum of the FBG.
Filtering techniques are divided into passive edge and active bandpass types. In a passive edge filtering, an optical filter presenting a linear attenuation around the wavelength of interest, as shown in Figure 14 , is used as the interrogation technique. The change in the FBG spectrum will result in a change on the output power. The correlation between the wavelength and the output power depends on the transmittance function of the passive edge filter. Figure 13 . Classification of the interrogation techniques of FBG sensors: bulk optics, filtering, interferometric, laser sensing, and miscellaneous.
The most common interrogation techniques are the filtering and interferometric approaches, in which the read-out of the FBG sensor is done by converting the wavelength shift into a change to an electrical signal. In the following, the review will focus on the implementations of filtering and interferometric techniques. In such settings, the OSA is replaced with a photo-diode receiving the optical signal from the reflected spectrum of the FBG.
Filtering techniques are divided into passive edge and active bandpass types. In a passive edge filtering, an optical filter presenting a linear attenuation around the wavelength of interest, as shown in Figure 14 , is used as the interrogation technique. The change in the FBG spectrum will result in a change on the output power. The correlation between the wavelength and the output power depends on the transmittance function of the passive edge filter. The optical signal received by the photodiode is proportional to the central wavelength of the input spectrum. The shift of the sensor wavelength produces a variation in the optical power according to the slope of the filter. The main drawback of this methodology is its sensitivity to source power variations [1] . To overcome this limitation, an improved passive edge filtering set-up, where a reference signal was also detected. The optical signal received by the photodiode is proportional to the central wavelength of the input spectrum. The shift of the sensor wavelength produces a variation in the optical power according to the slope of the filter. The main drawback of this methodology is its sensitivity to source power variations [1] . To overcome this limitation, an improved passive edge filtering set-up, where a reference signal was also detected.
As shown in Figure 15 , the input spectrum power at the receiver is divided into two branches by a coupler; the branch for the reference purpose includes only a photodiode (PD) so it receives the unfiltered spectrum power, while the other, which includes filter and photodiode, acts as previously explained. The result of the ratio of the power received from the two photodiodes, as indicated by the Equation (18) , is immune to variations in the source and also proportional to the Bragg wavelength shift [1, 43] .
where I S is the filtered intensity of the sensor spectrum, I R is the unfiltered reference intensity, A is a constant determined by the slope of the filter and B is a constant arising from the nonzero reflection bandwidth of the FBG. Improvements of intensity based technique are presented in [44] [45] [46] ; in Reference [45] is proposed the use of ultra-short FBGs having shifted matched filters to enhance sensitivity. In Reference [44] is shown a demodulation technique based on a reflective-matched Fibre Bragg Grating scheme to compare the spectrum of the sensing element with its filtered version, while in Reference [46] the reflected optical signal, outgoing from the sensing FBG, pass through two reference Figure 15 . Example of experimental set-up for passive edge filtering interrogation technique with reference signal measurement.
As shown in Figure 15 , the input spectrum power at the receiver is divided into two branches by a coupler; the branch for the reference purpose includes only a photodiode (PD) so it receives the unfiltered spectrum power, while the other, which includes filter and photodiode, acts as previously explained. The result of the ratio of the power received from the two photodiodes, as indicated by the Equation (18), is immune to variations in the source and also proportional to the Bragg wavelength shift [1, 43] .
Where IS is the filtered intensity of the sensor spectrum, IR is the unfiltered reference intensity, A is a constant determined by the slope of the filter and B is a constant arising from the nonzero reflection bandwidth of the FBG. Improvements of intensity based technique are presented in [44] [45] [46] ; in Reference [45] is proposed the use of ultra-short FBGs having shifted matched filters to enhance sensitivity. In Reference [44] is shown a demodulation technique based on a reflective-matched Fibre
Bragg Grating scheme to compare the spectrum of the sensing element with its filtered version, while in Reference [46] the reflected optical signal, outgoing from the sensing FBG, pass through two reference FBGs. One of the reference FBGs is matched with the sensing FBG while the second one presents a small offset. The strain could be retrieved after the detection, by subtracting these two signals.
Alternatively, it is possible to take advantage of a large bandwidth light source such as an amplified spontaneous emission (ASE) source (with bandwidth around 20 nm) rather than inserting a filter before the detector. An ASE source presents a power spectrum where the slope of the optical power linearly decreases [47] . The wavelength shift of the Bragg wavelength is directly converted into a variation in the received optical power. This set-up scheme can be simplified into a system consisting of an FBG head sensor with the Bragg wavelength lying in the linear spectral region, and of a photoreceiver.
Another passive filtering interrogation technique involves the use of a wavelength division multiplexer (WDM) coupler as depicted in Figure 16 . The WDM is placed at the receiver input and it splits the spectrum power according to the wavelength in two output branches. A photodiode (PD) receiving the optical power is placed in each branch. Since the WDM coupler is a wavelength sensitive element, the power received by two photodiodes change differently when the FBG spectrum shifts due to a perturbation [48] .
The ratio between the difference of the power received by each photodiode and the total received power can be related to the change in the Bragg wavelength. Alternatively, it is possible to take advantage of a large bandwidth light source such as an amplified spontaneous emission (ASE) source (with bandwidth around 20 nm) rather than inserting a filter before the detector. An ASE source presents a power spectrum where the slope of the optical power linearly decreases [47] . The wavelength shift of the Bragg wavelength is directly converted into a variation in the received optical power. This set-up scheme can be simplified into a system consisting of an FBG head sensor with the Bragg wavelength lying in the linear spectral region, and of a photoreceiver.
Another passive filtering interrogation technique involves the use of a wavelength division multiplexer (WDM) coupler as depicted in Figure 16 . The WDM is placed at the receiver input and it splits the spectrum power according to the wavelength in two output branches. A photodiode (PD) receiving the optical power is placed in each branch. Since the WDM coupler is a wavelength sensitive element, the power received by two photodiodes change differently when the FBG spectrum shifts due to a perturbation [48] . Differently, the interrogation techniques based on the active bandpass filtering rely on the capability of finely tuning a filter. Whereas the FBG sensor is basically a filter, in several configurations the receiver is composed by a matched tuneable filter, like a FBG or a FP equipped with a stretcher. By scanning the spectrum with the stretcher, it is possible to find the peak of reflectivity. The receiver can operate both in scanning or tracking mode. In Figure 17 , a possible implementation used to track the Bragg wavelength in a closed loop operation shift is shown. On the basis of the signal coming from the photodiode, the control logic behind the servo scan acts to finely tune the filter through a dither signal on the servo to follow the peak. Through analysing the signal acting on the tuner, it is possible to retrieve the Bragg wavelength shift and to achieve an improved sensitivity [9] . This set-up is also useful in quasi-distributed sensing systems where several different FBGs are placed along the fibre. In order to interrogate each FBG with the same receiver, the scan The ratio between the difference of the power received by each photodiode and the total received power can be related to the change in the Bragg wavelength.
Differently, the interrogation techniques based on the active bandpass filtering rely on the capability of finely tuning a filter. Whereas the FBG sensor is basically a filter, in several configurations the receiver is composed by a matched tuneable filter, like a FBG or a FP equipped with a stretcher. By scanning the spectrum with the stretcher, it is possible to find the peak of reflectivity. The receiver can operate both in scanning or tracking mode. In Figure 17 , a possible implementation used to track the Bragg wavelength in a closed loop operation shift is shown. On the basis of the signal coming from the photodiode, the control logic behind the servo scan acts to finely tune the filter through a dither signal on the servo to follow the peak. Through analysing the signal acting on the tuner, it is possible to retrieve the Bragg wavelength shift and to achieve an improved sensitivity [9] . This set-up is also useful in quasi-distributed sensing systems where several different FBGs are placed along the fibre. In order to interrogate each FBG with the same receiver, the scan mode is used to tune on the "colour" of the sensing element (as in the quasi-distributed sensing systems of Figure 2 ) and to match its Bragg Wavelength. Alternatively, several matched filters can be used to achieve a parallel interrogation set-up where each filter at the receiver stage is a replica of the single sensor configuration.
Differently Figure 17 , a possible implementation used to track the Bragg wavelength in a closed loop operation shift is shown. On the basis of the signal coming from the photodiode, the control logic behind the servo scan acts to finely tune the filter through a dither signal on the servo to follow the peak. Through analysing the signal acting on the tuner, it is possible to retrieve the Bragg wavelength shift and to achieve an improved sensitivity [9] . This set-up is also useful in quasi-distributed sensing systems where several different FBGs are placed along the fibre. In order to interrogate each FBG with the same receiver, the scan mode is used to tune on the "colour" of the sensing element (as in the quasi-distributed sensing systems of Figure 2 ) and to match its Bragg Wavelength. Alternatively, several matched filters can be used to achieve a parallel interrogation set-up where each filter at the receiver stage is a replica of the single sensor configuration. Interferometric readout techniques associate a Bragg wavelength shift to an optical phase difference. Often, the receiver includes an unbalanced asymmetric Mach Zehnder interferometer receiving the reflected spectrum of the sensing grating as the input [9] , as reported in Figure 18 where a phase modulator (PM) in inserted in one of two arms of the interferometer. Knowing the phase of the interferometer and its intensity output, the change in the measured intensity is transduced into a phase difference. The wavelength shift can be evaluated with a proper signal processing applied on the photodiode voltage (e.g., phase demodulation for interferometric fibre optic sensors). By means of these readout techniques, resolutions in the range of pm/√Hz can be achieved. Interferometric readout techniques associate a Bragg wavelength shift to an optical phase difference. Often, the receiver includes an unbalanced asymmetric Mach Zehnder interferometer receiving the reflected spectrum of the sensing grating as the input [9] , as reported in Figure 18 where a phase modulator (PM) in inserted in one of two arms of the interferometer. Knowing the phase of the interferometer and its intensity output, the change in the measured intensity is transduced into a phase difference. The wavelength shift can be evaluated with a proper signal processing applied on the photodiode voltage (e.g., phase demodulation for interferometric fibre optic sensors). By means of these readout techniques, resolutions in the range of pm/ √ Hz can be achieved. The FBG in strain sensing systems is used also to create a Fabry Perot (FP) resonator acting as the sensing element. When a strain is applied to the FP, and composed by two matched FBGs, the resonance wavelength of the FP changes. Different FP-FBG strain sensors adopt the Pound-Drever-Hall (PDH) technique, a laser locking technique that allows improved strain resolutions by suppressing the noise sources associated to the laser intensity fluctuations.
Differently than the active filtering technique in which the receiver is locked to the source, PDH readout techniques lock the laser source to the resonance frequency of FP cavity by means of a feedback loop. The main principle of operation is based on the FP reflection intensity frequency response that reaches a minimum at FP resonance (Figure 19a) . Although the reflection coefficients The FBG in strain sensing systems is used also to create a Fabry Perot (FP) resonator acting as the sensing element. When a strain is applied to the FP, and composed by two matched FBGs, the resonance wavelength of the FP changes. Different FP-FBG strain sensors adopt the Pound-Drever-Hall (PDH) technique, a laser locking technique that allows improved strain resolutions by suppressing the noise sources associated to the laser intensity fluctuations.
Differently than the active filtering technique in which the receiver is locked to the source, PDH readout techniques lock the laser source to the resonance frequency of FP cavity by means of a feedback loop. The main principle of operation is based on the FP reflection intensity frequency response that reaches a minimum at FP resonance (Figure 19a ). Although the reflection coefficients and the corresponding reflected power are symmetric near the resonance wavelength, its derivative changes sign [49] . To recover information about the derivative of this function, the spectrum is swiped near the resonance of the cavity by a phase modulator. 
by suppressing the noise sources associated to the laser intensity fluctuations.
Differently than the active filtering technique in which the receiver is locked to the source, PDH readout techniques lock the laser source to the resonance frequency of FP cavity by means of a feedback loop. The main principle of operation is based on the FP reflection intensity frequency response that reaches a minimum at FP resonance (Figure 19a ). Although the reflection coefficients and the corresponding reflected power are symmetric near the resonance wavelength, its derivative changes sign [49] . To recover information about the derivative of this function, the spectrum is swiped near the resonance of the cavity by a phase modulator. An ideal set-up, as from Figure 19b , consists of a narrow laser source tuned by a servo that operates in a closed loop control feedback. The beam, directed in the FP cavity, is phase-modulated by an electro-optic modulator (EOM), according to the modulating signal. The intensity of the light reflected by the FP cavity is received by a photo-detector. This signal is mixed with the modulating signal to extract the error signal, i.e., the derivative of the reflected signal, after a filtering stage. The servo actuator receives the error signal and closes the loop locking the laser on FP resonance. This laser stabilization technique is convenient in sensing applications since the error signal contains also information about the resonance shift of the FP cavity due to external noise sources. An ideal set-up, as from Figure 19b , consists of a narrow laser source tuned by a servo that operates in a closed loop control feedback. The beam, directed in the FP cavity, is phase-modulated by an electro-optic modulator (EOM), according to the modulating signal. The intensity of the light reflected by the FP cavity is received by a photo-detector. This signal is mixed with the modulating signal to extract the error signal, i.e., the derivative of the reflected signal, after a filtering stage. The servo actuator receives the error signal and closes the loop locking the laser on FP resonance. This laser stabilization technique is convenient in sensing applications since the error signal contains also information about the resonance shift of the FP cavity due to external noise sources.
Performance Evaluation of the Strain Sensors
This section discusses the state of the art of the strain sensor systems available in literature, focusing on the type of single-point sensing elements, the interrogation techniques, the detection limit, and/or the sensitivity. Two main research approaches are followed in literature; the first is focused on the improvement of performance of the sensing elements, while the second one is focused on the improvement of the read-out systems. To develop new sensing heads, researchers have used different materials or fabrication techniques where the different figures of merit and features of strain sensors are listed, such as sensitivity, detection limit, interrogation technique, punctual optical sensing element and perturbation nature (some examples are summarized in Table 1 ). In Reference [50] the single-point sensor consists in an all-solid FBG inscribed into an optical fibre using a near-field phase mask and an infrared femtosecond laser. This structure has a cross-section composed of concentric circles with alternating refractive indices. The interrogation technique consists in using a laser source while the FBG was positioned on a mechanical stretching stage. The strain has been measured through the FBG transmission peak shift with a sensitivity of 1.10 pm/µε and a detection limit of 26 µε. The FBG proposed in Reference [51] is sandwiched between two different expansive materials (one with a positive and one with a negative expansion coefficient). This sensor has shown a sensitivity of 1.5 pm/µε if the strain is measured as the Bragg wavelength shift. In another implementation [52] , an FBG is realized with a stretched polydimetilsiloxane (PDMS) micro-diffraction grating consisting in a patterned layer of a biocompatible soft polymer, the polydimetilsiloxane (PDMS), micro-fabricated with soft-lithography techniques. The grating has been placed between two glass plates fixed onto two translating stages and the experiments report a resolution of 0.005 ε. In Reference [53] , a passive and active strain sensing architecture has been reported. In the passive configuration, the analysis based on the Bragg wavelength shift and full width half maximum change due to the strain variation has shown sensitivities of 104.1 pm/µε and 61.6 pm/µε, respectively. On the other hand, the FBG filter in a ring laser cavity configuration achieved a resolution of 700 nε and a sensitivity of 74.5 pm/µε. The sensor configuration of Reference [54] is based on a FBG pair (with different Bragg wavelengths): one of them is etched while the other shows an un-etched region of polymer fibre (POF). The strain has been applied by using a translation stage in order to measure the sensitivity. The un-etched FBG sensitivity is 1.24 pm/µε, while the etched FBG one is 1.65 pm/µε. Careful calibration of the characterization matrix coefficients can allow measurements of temperature and strain simultaneously. The strain sensitivity of these sensors can be improved using an etched and regenerated fibre Bragg grating [55] . The measurements have reported a reflectivity of 69.8% and a linear strain sensitivity of 4.5 pm/µε, stable on a large temperature range. The authors in Reference [56] succeeded to realize a dual-FBG temperature compensated strain sensor using a stable wavelength tunable inscription of polymer fibre. The Bragg wavelength (λ B ) of the sensor can be tuned over 7 nm with the inscription with a 325 nm HeCd CW laser. Through using one FBG as the reference and the other as the sensing element, the system achieved a sensitivity of 0.73 pm/µε.
We summarized the interrogation methods and their important features in Table 2 . The experiment reported in Reference [57] is focused on the improving the read-out through a specific spectroscopic technique. In the proposed method, the FBG is mounted onto a piezo (PZT) translation stage stretching the punctual element and the source is modulated at a radio-frequency. The readout based on high-frequency mixer demodulation was shown to be sensitive to the perturbation of FBG. This system achieves a strain resolution below the µε and a sensitivity of 0.94 pm/µε. 
Reference
Interrogation/Read-Out Technique Features [26] Detected by a photodiode and visualized on a digital oscilloscope to measure splitting resolution improvement [30] PDH to lock the laser to the FBG to measure splitting resolution improvement [57] Radio-frequency modulation spectroscopic techniques [58] Laser with post-processing sensitivity enhancement using FWM sensitivity enhancement Weak value amplification based on optical attenuation sensitivity improvement [66] Double-sideband interrogation scheme simultaneous measurement of strain and temperature [67] Radio-frequency modulation spectroscopic techniques simultaneous measurement of strain and temperature [68] Change in voltage measured by Photodiode1. temperature compensation [69] Tunable laser source controlled by the FBG modulated transmitted power resolution improvement [70] Tunable laser source controlled by the FBG modulated transmitted power resolution improvement [8] PDH to lock the laser to the FBG resolution improvement [71] PDH to lock the laser to the FBG resolution improvement
In Reference [58] , the stretched FBG output is post-processed using a degenerated four wave mixing (FWM) for frequency chirp magnification to enhance the strain sensitivity. The proposed system was shown to reach strain and temperature sensitivity of 5.36 pm/µε and 54.09 pm/ • C, respectively.
Another technique [59] shows the use of the comb spectroscopy. The read out system relies on two comb phase locked lasers whose outputs pass through different fibre paths, one of them including a sensitive FBG. At the end of the fibre paths, the fields are optically summed and analysed. This system operates statically up to 1THz with a sensitivity of 34 nε.
In Reference [60] , the authors describe a measurement system based on a Fabry-Perrot cavity made of two FBGs. The setup is realized with two arms (reference and sensing), each one containing: a modulator, a Fabry-Perot interferometer (FFPI), a photodiode and an analysing system. The laser interrogates the first FFPI with a phase modulator whereas the second FFPI is interrogated with sidebands using an intensity modulator. The reflected light from the FFPIs is demodulated and, by using a cross-correlation algorithm, the resonance difference between the two FFPIs is evaluated. A strain resolution of 0.63 nε was reported.
The interrogation system implemented in Reference [23] uses a π-phase-shifted FBG as a sensing element. Through a laser tuning technique based on driving the voltage with a triangle wave shape, the authors improved the wavelength scanning stability of the tuneable laser. A strain resolution of 0.83 nε in vacuum was achieved by using a static strain demodulation algorithm based on Gauss curve fitting and peak detection.
In Reference [61] , the authors proposed a sensor realized with two FFPIs, one for sensing and the other one acting as reference. Differently from Reference [43] , a Pound-Drever-Hall technique is employed as the interrogation technique in the readout. Furthermore, a cross-correlation algorithm is used to measure the strain with a resolution of 4.5 nε. The dynamic range can reach to hundreds of µε, and the measuring period is a few tens of seconds.
The configuration implemented in Reference [62] enables the simultaneous interrogation of an array of FBGs with a wavelength-swept fibre laser, for static and dynamic strain measurements. The sensitivity is 1 µε in static, while the dynamic sensitivity was reported as 3.4 nε/ √ Hz at 500 Hz. In Reference [63] , the authors proposed a system made by a mechanically and acoustically isolated FFPI onto PZT stretcher. The strain signals are encoded with a laser phase-locked to a H 13 C 14 N gas cell. The readout is carried out by an FPGA using the H 13 C 14 N absorption line. The system was reported to reach to a resolution less than 1 nε at 20 MHz.
Another solution based on the beating signals is explained in Reference [64] . The authors developed a dual-frequency optoelectronic oscillator (OEO) as an interrogation system incorporating two phases shifted FBGs (PSFBGs) one of which used as reference while the other is the strain sensing element. The two PSFBGs, together with two laser diodes, a phase modulator and a photodiode, implement two microwave photonic filters (MPF), each one having two pass-bands. This system generates two microwave signals for which the beating is sensitive only to the strain. A sensing resolution of 0.83 µε and a sensitivity of 119.2 MHz/µε was demonstrated.
In Reference [65] , the authors used an optical attenuator to improve the sensitivity of an FBG sensor. A slight enhancement was obtained by carefully controlling the optical attenuation. The sensitivity to the strain and temperature was improved through optimizing the value of the amplification factor. The strain sensitivity is 2.40 pm/ µε with an optical attenuation of 3 dB.
The Bragg frequency difference could be also retrieved in birefringence-introduced in which the frequency difference act as discernment of strain and temperature through using a π-phase-shifted FBG in PANDA-type fibre [66] . A double-sideband interrogation method has been implemented as a readout technique, and a resolution of 0.018 µε has been obtained in the experiment of simultaneous measurement of strain and temperature.
A different configuration based on OEO has been reported in Reference [67] . In particular, a frequency-switchable OEO is used as interrogation system for a PS-FBG, inscribed in a few-mode fibre. In this system, the two microwave signals generated by the OEO, exhibit different strain and temperature sensitivities of 54.3 MHz/µε and 58.5 MHz/µε respectively. To achieve a temperature compensated strain measurement, the authors in Reference [68] use two matched pairs of chirped FBGs. For each pair of chirped FBGs, an FBG is placed in the sensing area, so that an FBG is dedicated to measure temperature while the other is placed on a cantilever for the strain sensing. The proposed intensity interrogation system demonstrates a strain sensitivity of 750 pW/ µε and a detection limit of 1 µε.
Being the FBG a phase sensitive element, slow light enhances a phase change due to external perturbations: indeed, the sensor reported in Reference [69] uses the slow light principle to enhance sensitivity. This enhancement is proportionally to the group index, or, in other words, to the reciprocal of the group velocity. By using a slow-light configuration of FBG, with a group index of 127, a strain sensor with a detection limit of 880 fε/ √ Hz in the 20-kHz range and a sensitivity of 3.14 × 10 5 ε −1 has been obtained. The same group reported [70] further improvements in FBG strain sensor using slow light in a low loss FBG. Experimental tests have proven that this configuration is capable of detecting strains with a detection limit of 280 fε/ √ Hz in the 20-kHz range and with a sensitivity of 2.1 × 10 6 ε −1 . The authors of [8] reported strain measurements with a record detection limit in the range of 10 −13 ε/ √ Hz. This result has been experimentally recorded with a fibre Bragg-grating resonator locked to a Pound-Drever-Hall stabilized source, while the active interrogation of the sensor has been performed through a secondary carrier. In Reference [26] , the authors described the experimental demonstration of an optical ring resonator, including a FBG. By exciting the system far from the FBG reflectivity peak, the system acts as a common ring resonator, while a split-mode structure appears near Bragg wavelength. This FBG-RR enhances local strain measurements and it is almost insensitive to the environmental changes. In Reference [30] , a π-shifted-FBG ring cavity is used as strain sensor and it is interrogated with a method exploiting the physics of the mode splitting, as in Reference [18] . The mode splitting spectral response makes this device not only extremely sensitive to environment changes, but also to the grating refractive index. The interrogation with a locked-carrier scanning-sideband technique is performed demonstrating a detection limit of 320 pε/ √ Hz. Another interrogation technique is reported in Reference [71] , where the polarization-spectroscopy interrogation technique has been used for a fibre Bragg-grating Fabry-Pérot cavity, acting as sensing element. The PDH technique has been implemented and the frequency discrimination has been generated exploiting the fibre birefringence. This method demonstrates static and dynamic mechanical sensing below the pico-strain level.
Key Sectors and Main Market Players Composing the Global FBG Strain Sensors Market
In this section we report several FBG strain sensor applications at research stage with a potential industrial implication, as well as the key sectors in the global fibre-optic strain sensors market.
Several research groups have been involved in developing new systems to retrieve information from the spectrum of FBG sensors as summarized in Table 3 , where the sensitivity, the detection limit, the interrogation technique, the punctual optical sensing element and the kind of perturbation investigated are reported. A sensor for a long-distance remote system (50 km) is described in Reference [72] , where the residual Raman pump output laser (after the SMF) excites the ASE of an EDF. The light beam coming from ASE is passed through the FBG and a dip in the reflected spectrum becomes visible. By measuring the position of the spectral dip, the sensor can correlate the spectral information to the strain. The system achieved a strain sensitivity of 1.1 pm/µε with a root mean square error of 9.5 pm.
The FBG based strain sensing systems have been also used in the crustal deformation applications [73] . For the measurement, a pre-strained π-FBG was mounted between two piers anchored to the rock, while a fibre ring was placed close to the π-FBG, strain isolated. The crustal deformation was obtained through keeping the fibre ring and π-FBG at the same temperature and comparing their resonance frequencies. A minimum strain of 10 nε was measured by using a narrow line-width tuneable laser (line-width of 100 kHz).
The fibre optic strain gauge system can be used in structural monitoring and smart-structure applications [48] . The strain gauge based on FBG and wavelength demodulation can measure the wavelength of the narrow-band back-reflected spectrum from the grating at the sensing head. Both the static and dynamic strain can be measured with a shot noise-limited resolution of 0.44 µε/ √ Hz, a 27.8 dB of dynamic range and a bandwidth of 250 Hz.
A different configuration for crustal movement sensor was realized using two couples of FBGs, with each couple incorporated into an optic fibre path [74] . One path is used as reference while the other is stretched by a PZT stage. The tuneable laser output is split into the paths with a Y-branch and these beams are passed through the FBG pairs. The reflected spectrum is analysed by varying the strain. The reported resolution of the system is 2.6 nε. A harsh environment experiment was carried out to measure the strain on a low temperature superconducting magnet [75] . Four FBGs were attached onto the magnet, but the characterization of the FBGs was carried out by putting it onto a cantilever. The system reached to a sensitivity of 1.4 pm/µε.
We report the key sectors composing the global fibre-optic strain sensors market with reference to the previous strain sensing technologies in Table 4 . The list is not exhaustive and includes only the key industry sectors with the largest use of fibre-optic strain sensors today. The number of sectors in the list is expected to grow in the coming years, due to the increasing availability and diminishing cost of the technology, potentially allowing penetrations in other market sectors. Moreover, we report the main market players of the fibre optics strain sensing technology in Table 5 . Table 4 . Key sectors in the global fibre-optic strain sensors market.
Oil & Gas Energy Military
Pipelines [76] [77] [78] Seismic [79, 80] In-well [81] Wind turbines [82] Geothermal [83] Smart Grids [84] Hydrophones [85, 86] Shipboard [87] Industrial Civil Homeland Security
Process control [88] Machine tools [89] Landslides [90] Intrusion detection [91, 92] Chemical detection [93] 
Biomedical Aerospace Transportation
Heart rate Respiratory rate [94] Respiratory movement [95] MRI [94, 95] Fuselages [96, 97] Rail monitoring [98, 99] [126] VFIBRE Ltd.
[127]
Conclusions
In this review, fibre Bragg grating strain sensing technologies and their applications have been reported. The underlying physical principles, interrogation/readout techniques, and the main parameters for evaluating the performance of fibre Bragg strain sensors have been reviewed. Furthermore, recent advances towards highly-sensitive FBG heads and their specific applications have been extensively discussed. We also reviewed novel configurations including Bragg grating strain sensors based on mode splitting. The principle of operation, performance, and benefits of FBG strain sensors are highlighted and compared to give a perspective on the state of the art. Finally, the key market sectors and the main market players, composing the global fibre-optic strain sensors market, are also investigated.
